Among various immunoregulatory molecules, the B7 family of immune-checkpoint receptors consists of highly valuable targets for cancer immunotherapy. Antibodies targeting two B7 family co-inhibitory receptors, CTLA-4 and PD-1, have elicited long-term clinical outcomes in previously refractory cancer types and are considered a breakthrough in cancer therapy. Despite the success, the relatively low response rate (20-30%) warrants efforts to identify and overcome additional immune-suppressive pathways. Among the expanding list of T cell inhibitory regulators, V domain immunoglobulin suppressor of T cell activation (VISTA) is a unique B7 family checkpoint that regulates a broad spectrum of immune responses. Here, we summarize recent advances that highlight the structure, expression, and multi-faceted immunomodulatory mechanisms of VISTA in the context of autoimmunity, inflammation, and anti-tumor immunity.
INTRODUCTION
Immunotherapy holds the promise for becoming mainstream therapy for cancer owing to the long-term and significant clinical outcomes in previously refractory malignancies, such as late-stage metastatic melanoma and non-small cell lung cancer. 1 During the past five years (2012-2017), there have been over 1,500 registered cancer immunotherapy trials testing the efficacy of immune checkpoint inhibitors specific for CTLA-4, PD-1, and PD-L1 (www.clinicaltrials.gov).
Immune-checkpoint receptors transmit co-inhibitory signaling during T cell activation and directly suppress T cell responses. 2, 3 Antibodies targeting the immune-checkpoint proteins CTLA-4 (ipilimumab/Yervoy and tremelimumab), PD-1 (pembrolizumab and nivolumab/Opdivo), and PD-L1 (atezolizumab and avelumab) have become breakthrough therapies for cancer. [4] [5] [6] [7] [8] [9] Despite the success, the response rate following CTLA-4, PD-L1, or PD-1-blocking monoclonal antibody (mAb) therapy is generally lower than 30%. 6, [9] [10] [11] [12] [13] [14] Efforts are warranted to identify and overcome additional immune-suppressive pathways.
Following the initial identification of the immune checkpoint receptors CTLA-4 (ligands B7.1 and B7.2) and PD-1 (ligands PD-L1 and PD-L2), other Ig superfamily T cellinhibitory ligands/receptors, such as LAG3 (ligand MHC-II), 15 TIM3 (ligands CEACAM-1, HMGB1, and galectin-9), 16 TIGIT (ligands CD155 and CD112), 17 BTLA (ligand HVEM), 18 B7-H3, 19 B7-H4, 20, 21 and VISTA, 22 have been indicated as important regulators of anti-tumor immunity. [23] [24] [25] [26] [27] [28] The increasing understanding of regulatory mechanisms involving these ligands and receptors has provided exceptional opportunities to therapeutically target these inhibitory pathways and design synergistic combination anti-cancer therapies. This review will focus on the structure, expression, and multi-faceted immunomodulatory mechanisms of VISTA, a B7 family immunecheckpoint protein. 22 THE SEQUENCE AND STRUCTURE OF VISTA VISTA (gene Vsir, RIKEN cDNA 4632428N05, aliases Gi24, Dies-1, PD-1H, and DD1α) stands for V domain immunoglobulin suppressor of T cell activation. 22, [29] [30] [31] The murine Vsir gene transcript consists of 930 base pairs, which translates into a type I transmembrane protein with 309 amino acids (aa). The extracellular domain of murine VISTA contains a single Ig-V domain of 136 aa, which is linked to a 23-aa stalk region, a 21-residue transmembrane segment, and a 97-aa cytoplasmic domain that does not contain ITAM, ITIM, or ITSM motifs. Putative protein kinase C binding sites and proline-rich regions within the cytoplasmic tail have been identified, but their functional role remains to be characterized. 30 VISTA is highly conserved between species, with 480% similarity in protein sequence between murine and human orthologs. 22, 30, 31 Protein sequence analysis has aligned VISTA with the B7 family of ligands and receptors. B7 family ligands, including B7.1, B7.2, PD-L1, PD-L2, and ICOSL, contain Ig-Vand Ig-C-like domains, whereas receptors CD28, PD-1, and ICOS contain one Ig-V-like domain. Despite its ligand function, as shown in previous studies, VISTA contains one Ig-V domain, resembling other B7 family receptors. A genome-wide blast search has identified PD-L1 of the B7 family as the closest evolutionarily related protein. 22 This homologous relationship was confirmed by computationally threading the sequence of the VISTA Ig-V domain through the structural model of PD-L1. A structure-based sequence alignment of VISTA with B7 family ligand proteins PD-L1, PD-L2, B7-H3 and B7-H4 or B7 family receptors PD-1, ICOS, and CTLA-4 has identified conserved amino acids that are important for the stability of Ig-V domain-folding in all Ig-V domain-containing proteins, with an expected nine parallel β-strands (ABCC′C″DEFG) with loops connecting the strands. 22, 30, 31 These amino acids include the invariant cysteines (Cys 54 and Cys 145 ) and a tyrosine (Tyr 143 ). Irrespective of these similarities, the VISTA Ig-V domain contains several features that distinguish VISTA from the B7 family ligands and receptors. The most notable distinguishing features are the three additional cysteines (Cys 44 , Cys 83 , and Cys 144 ) within the Ig-V domain, one cysteine (Cys 177 ) in the stalk region, and the insertion of a loop (IRNFTLQHLQHHGSHLKAN) between the C″ and D strands that are invariant among VISTA orthologs but are absent in all other Ig superfamily members. Collectively, these sequence and structural features identify VISTA as a distant B7 family member.
VISTA GENE AND PROTEIN EXPRESSION AT STEADY STATE AND UNDER INFLAMMATORY CONDITIONS
At steady state, Vsir gene transcripts were predominantly detected in lymphoid tissues, such as the spleen, thymus, and bone marrow (BM) in adult mice. 22, 30 Lower levels of VISTA mRNA were detected in non-hematopoietic tissues, such as brain, heart, lung, muscle, testis, kidney, and placenta.
Within the hematopoietic cell lineages, VISTA protein is highly expressed on CD11b Hi myeloid cells, including granulocytes, monocytes, macrophages, and myeloid dendritic cells (DCs). 22 Intermediate expression levels are seen on CD11b Int myeloid DCs. VISTA is also expressed on NK cells, TCRγδ T cells, naïve CD4 + and CD8 + TCRαβ T cells, and Foxp3 + CD4 + regulatory T cells (Tregs) . No surface expression of VISTA is detected on splenic B cells at steady state. In T cells, VISTA expression is higher on naïve CD4 + T cells than on CD8 + T cells. Following activation, VISTA expression on T cells was transiently upregulated but downregulated after 24 h in vitro or a few days in vivo. 22, 30 Similar to the murine homologue, the human VISTA gene is predominantly expressed in hematopoietic cell lineages and in tissues rich in infiltrating leukocytes. 32 In human peripheral blood mononuclear cells (PBMC), VISTA is expressed on CD14 + monocytes, neutrophils, myeloid CD11c + DCs, and CD4 + and CD8 + T cells. VISTA is not expressed on resting CD19 + B cells or CD56 Hi NK cells. Following in vitro culture, VISTA expression on human monocytes was downregulated over time. 33 Under inflammatory conditions, VISTA expression on immune cell types could be altered. For example, in an imiquimod-induced murine model of psoriasis, VISTA expression on TCRγδ T cells within the inflamed ear tissue was upregulated compared to that on cells in the draining LN. 34 Surface expression of VISTA on human PBMC CD14 + monocytes could be upregulated following stimulation of certain Toll-like receptors (TLR), such as TLR3 and TLR5, and cytokines IL-10 and IFN-γ, as well as following HIVinfection. 33 At the transcriptional level, VISTA, as well as PD-L1 and PD-1, is directly targeted by tumor suppressor p53. 31 Induced transcription occurs following either forced expression of p53 or p53-inducing genotoxic stress. In a murine embryonic stem cell line model, miRNA-125a downregulates VISTA protein expression via suppressing the translational process. 35 In murine tumor models, VISTA protein is expressed on tumor-infiltrating leukocytes. 36 VISTA expression is upregulated in CD11b + Gr1 + myeloid cells and Foxp3 + Tregs within tumor tissues compared to that in the peripheral lymphoid tissues. 36 Several studies have examined VISTA gene or protein expression in human cancers. One study by Oliveira et al. showed that VISTA gene expression is downregulated due to promoter methylation or miRNA-125a overexpression in malignant epithelial cancer cells of breast, colon, and gastric tissue origin compared to that in corresponding normal tissues. 37 In contrast, another study of gastric tumor tissues by Boger et al. examined VISTA protein expression by immunohistochemistry and showed that VISTA is detected on tumor-infiltrating lymphocytes in 480% of cases of primary tumor tissues, as well as in minor populations of tumor cells (in o10% of cases). 38 Furthermore, the VISTA protein level is correlated with the Lauren classification, tumor localization, Epstein-Barr virus infection, KRAS-and PIK3CA-mutational status, and PD-L1 expression. 38 A study of human oral squamous cell carcinoma (OSCC) has shown that VISTA protein level is increased within tumor tissues when compared to normal mucosa. 39 The higher protein expression of VISTA together with the low protein level of CD8α within OSCC tumor tissues is significantly correlated with poorer overall survival. 39 In a study of human prostate cancer and melanoma following ipilimumab treatment, Gao et al. examined protein levels of VISTA and several other immune-suppressive molecules (i.e., LAG3, TIM3, and PD-L1) within tumor tissues by quantitative immunofluorescence, CyTOF or flow cytometry. 40 The percentages of VISTA-and PD-L1-expressing tumorinfiltrating CD4 + and CD8 + T cells as well as CD68 + macrophages are significantly increased following therapy, indicating that both checkpoint proteins may contribute to the immunesuppressive tumor microenvironment (TME) and resistance to CTLA-4 blockade therapy. 40 In comparison to VISTA, the regulatory mechanisms that control the gene expression of PD-L1 and PD-1 have been more extensively studied. In contrast to the largely hematopoietic expression of VISTA, PD-L1 is ubiquitously expressed in non-hematopoietic and hematopoietic tissues and cell types. Under inflammatory conditions, PD-L1 gene expression is inducible by common γ chain cytokines IL-2, IL-7 and IL-15, as well as IFN-γ, GM-CSF, and IL-4. [41] [42] [43] PD-L1 is upregulated by HIF-1α within the hypoxic TME. 44 Distinct from VISTA, PD-1 is absent on naïve T cells but it is expressed on activated effector T cells and on exhausted T cells. 42, 45 PD-1 gene expression is upregulated by common γ chain cytokines and VEGF. 43, 46 At the transcriptional level, the PD-1 promoter is regulated by T-bet, STAT3, STAT4, NFATc1, CTCF, FOXO1, and epigenetic regulator SATB1. [47] [48] [49] [50] In cancer, the expression of PD-L1 on tumor cells and PD-1 on TILs has been associated with clinical responses towards antibody-mediated therapy. 51 In contrast, VISTA expression is restricted to hematopoietic cell lineages. It is predicted that the clinical response towards VISTA-blocking mAb therapy in solid tumors will be correlated with the VISTA expression level on tumor-infiltrating leukocytes.
VISTA IS A CRITICAL REGULATOR OF T CELL-MEDIATED IMMUNE RESPONSES TOWARDS SELF AND FOREIGN ANTIGENS
The initial evidence for the role of VISTA as a regulator of T cell peripheral tolerance was provided from studies in the murine experimental autoimmune encephalomyelitis (EAE) model, where T cell responses against the self-antigen myelin oligodendrocyte glycoprotein (MOG) drive disease progression. 22 Treatment with a VISTA-blocking mAb (clone 13F3) significantly exacerbated disease severity in this model.
Since antibodies could be either antagonistic or agonistic towards the target antigen, the physiological role of VISTA has been assessed by studies in the Vsir gene knockout (KO) mice (Vsir −/− ) by several groups. 31, 34, [52] [53] [54] Since multiple protein aliases (VISTA, PD-1H, and DD1α) have been used to describe the phenotypes of the KO mice that are deficient in the same gene, we will summarize the results from these studies by referring to the gene name.
Studies by Wang et al. showed that although Vsir −/− mice (reported as VISTA KO) were born healthy with apparently normal hematopoietic development, VISTA deficiency resulted in a gradual accumulation of spontaneously activated T cells with hyper-production of inflammatory cytokines such as IFN-γ, IL-17A and TNF-α. 52 Accumulation of IFN-γ-inducible chemokines such as Eotaxin, IP-10, MCP-1, and MIG was detected in the serum of KO mice at~10 months of age. 52 The spontaneous T cell activation indicates that VISTA deficiency may have lowered the threshold of TCR-mediated activation towards self-antigens. This hypothesis has been tested by breeding Vsir −/− mice with 2D2 TCR transgenic (Tg) mice, which express a TCR recognizing the self-antigen MOG and are predisposed to developing EAE. VISTA deficiency significantly increased disease incidence and intensity. Disease development was correlated with increased activation of encephalitogenic CD4 + T cells in the periphery and their infiltration into the central nervous system. 52, 53 In a concanavalin A-induced hepatitis model, Vsir −/− mice (reported as PD-1H KO) developed more severe hepatitis than WT controls. 54 Since this disease is largely dependent upon the pathological role of activated CD4 + T cells and NKT cells, this result is consistent with the role of VISTA in negatively regulating T cell-mediated immune responses.
In addition to regulating Th1-and Th17-skewed T cell responses, VISTA also regulates Th2 responses. Studies by Flies et al. have shown that in a murine model of experimental asthma, allergen challenge induced higher levels of Th2 cytokine production and more severe pulmonary inflammation in Vsir −/− mice. 55 
THE LIGAND-OR-RECEPTOR PARADIGM BY WHICH VISTA REGULATES T CELL ACTIVATION
Due to the lack of knowledge on the cognate receptor for VISTA or associated signaling adaptors, the molecular mechanisms of how VISTA regulates effector T cell activation are not well understood. Despite this limitation, recent studies have demonstrated both cell-extrinsic and intrinsic mechanisms by which VISTA regulates T cell responses. Here, we present the model in which VISTA expressed on both antigen-presenting cells (APCs) and T cells can engage an inhibitory receptor to suppress T cell activation, whereas VISTA on T cells may act as a receptor that directly transmits inhibitory signals (Figure 1 ). These mechanisms do not contradict each other, as both could contribute to the overall T cell-suppressive function of VISTA.
The T cell-extrinsic role of VISTA as a ligand The initial characterization using an immobilized ectodomain of VISTA (ECD) protein has confirmed the 'ligand' function of VISTA. 22, 32 Immobilized VISTA-ECD suppressed T cell proliferation and cytokine production (i.e., IL-2 and IFN-γ) in a dose-dependent manner. This suppression is interpreted as a result of interactions between VISTA-ECD and a co-inhibitory receptor on T cells. The phosphorylation of several key TCR proximal signaling molecules (i.e., LAT, PLC-γ1, and SLP76) and upregulation of early activation markers (i.e., CD69, CD44, and CD25) were inhibited by immobilized VISTA-ECD. 22, 32, 53 Both naïve and memory T cells were sensitive to VISTA-ECDmediated inhibition. In addition to directly limiting proximal TCR signaling, immobilized VISTA-ECD promoted the conversion of Foxp3 − CD4 + T cells into Foxp3 + adaptive Tregs in the presence of exogenous TGF-β. This effect contributes to the overall T cell-inhibitory role of VISTA. 22, 32 Second, the 'ligand' activity of VISTA expressed on APCs is demonstrated by overexpressing VISTA in A20 B lymphoma cells or BM-derived DCs, which were used to stimulate T cells in the presence of cognate peptides. 22 VISTA expression on A20 cells or BMDCs reduced the proliferation and cytokine production of co-cultured DO11.10 Tg T cells.
Third, the in vivo T cell-extrinsic inhibitory role of VISTA has been shown in two disease models. In the MCA105 fibrosarcoma model, VISTA expression on tumor cells overcame vaccine-induced anti-tumor immunity and facilitated tumor outgrowth. 22 Alternatively, in an adoptive transfer model of EAE, where the disease is induced by adoptively transferred encephalitogenic T cells, VISTA deficiency on host cells significantly accelerated disease progression. 52 Importantly, this model also demonstrates a T cell-intrinsic role of VISTA, as adoptive transfer of Vsir −/− T cells accelerated the disease course when with WT T cells. Additive effects were seen when Vsir −/− T cells were transferred into Vsir −/− hosts. Taken together, these results support the T cell-extrinsic role of VISTA when expressed on APCs or tumor cells in controlling T cell activation and indicate a T cell-intrinsic role of VISTA, as discussed below.
The T cell-intrinsic function of VISTA In addition to myeloid cells, VISTA is expressed on naive CD4 + T cells and CD8 + T cells, and Foxp3 + CD4 + Tregs. 22 The T cell-intrinsic role of VISTA has been indicated in vitro, where WT or Vsir −/− CD4 + T cells were stimulated with WT or Vsir −/− APCs. 54 VISTA deletion on both T cells and APCs resulted in the extensive proliferation of T cells, whereas VISTA deficiency on either T cells or APCs alone showed an intermediate effect.
Complementary evidence indicating the T cell-intrinsic role of VISTA was presented by the effects of the PD-1H/VISTAspecific mAb MH5A in a murine model of acute GVHD. 30, 54, 56 MH5A suppressed allogeneic T cell response and prevented disease progression. MH5A inhibited the initial expansion and cytotoxic function of WT but not Vsir −/− donor T cells, indicating that VISTA expression on donor T cells is sufficient and is required for the suppressive effect of MH5A.
In VISTA-sufficient WT hosts, MH5A treatment resulted in a transient expansion of Foxp3 + CD4 + Tregs and promoted the conversion of naïve Foxp3 − CD4 + T cells to adaptive Foxp3 + Tregs in vivo. Importantly, this result is consistent with the previous study showing that VISTA plays a role in promoting the peripheral differentiation of adaptive Tregs in tumorbearing hosts. 36, 56 Despite the strong evidence supporting the T cell-intrinsic role of VISTA, whether VISTA functions as a self-signaling receptor or alternatively engages another transmembrane inhibitory receptor remains to be determined. To date, the counter-receptor for VISTA has not been formally identified. Although it has been reported that VISTA interacts with itself via homotypic interactions of its ECD 31 or interacts with VSIG3 (IGSF11), 57, 58 whether and how these interactions contribute to T cell suppression have not been determined.
THE MULTI-FACETED ROLES OF VISTA IN CONTROLLING AUTOIMMUNE AND INFLAMMATORY DISEASES
Studies in multiple murine disease models of cancer, EAE, lupus, GVHD, and psoriasis have demonstrated parallel mechanisms by which VISTA regulates the function of diverse immune cell types (Table 1 ). In addition to serving as a brake for T cell responses, VISTA plays an important role in regulating the signaling and activation of innate immune cells, including myeloid DCs, macrophages, and TCRγδ T cells. Here, we will summarize recent studies demonstrating these new mechanisms by which VISTA controls autoimmune and inflammatory diseases.
An initial examination of Vsir −/− mice (VISTA KO) at 8-9 months of age has revealed spontaneous immune-cell infiltration in lung, liver, and pancreas, as well as accumulation of myeloid chemokines (Eotaxin, IP-10, MCP-1, MIG) in the serum. 52 These inflammatory phenotypes have been attributed to the spontaneous T cell activation due to loss of T cell peripheral tolerance. Splenomegaly was accompanied by increased cell number in the CD11b + myeloid lineages, including myeloid DCs, macrophage, and neutrophils. Despite the presence of immune infiltrates in multiple organs, overt lupus-like systemic autoimmunity was not fully developed, and Figure 1 The ligand-or-receptor paradigm of VISTA in regulating T cell activation. VISTA is expressed on both APCs and T cells. VISTA suppresses T cell activation via both T cell-extrinsic and intrinsic mechanisms. (a) VISTA acts as a ligand when expressed on APCs, and engages a putative inhibitory receptor on T cells that suppresses T cell proliferation and cytokine production. (b) On the other hand, VISTA expressed on T cells may engage a putative inhibitory receptor on T cells via T cell-T cell interaction or may act as a self-signaling receptor. Both mechanisms will contribute to T cell suppression. The identity of the counter-receptor and detailed signaling mechanisms downstream of VISTA remain to be elucidated and will provide further validation for this paradigm.
The structure, expression, and multifaceted role of VISTA W Xu et al similar levels of anti-dsDNA and anti-nuclear antibodies were detected in the serum of Vsir −/− and WT mice. 52 However, when bred onto a disease-prone transgenic background, VISTA deficiency exacerbated disease in the EAE model of multiple sclerosis, as well as the sle1.sle3 model of lupus. 52, 59 Consistently, treatment with VISTA-blocking mAb led to more severe disease in the EAE model and the BWF1 model of lupus. 22, 60 In both disease models, VISTA blockade significantly enhanced CD4 + T cell activation. Furthermore, VISTA deficiency in the sle1.sle3 background promoted the activation of myeloid cells by upregulating the expression of costimulatory molecules CD80, CD40 and MHCII and the production of cytokines (IFN-γ and IL-10) following LPS treatment. 59 In contrast, a high level of ectopic VISTA expression in PBMC monocytes from chronically HIVinfected individuals induced production of cytokines such as IL-8, IL-1β, IL-6, IL-10, and TNF-α. 33 The reasons for this contradictory result are not clear. We speculate that the regulatory role of VISTA in myeloid cells may depend upon the exogenous stimuli and the activation state of the myeloid cells in different studies.
Supporting the anti-inflammatory role of VISTA, our recent study has established the roles of VISTA as a negative regulator of the IL-23/IL17-mediated inflammatory axis. 34 In an imiquimod (IMQ)-induced murine model of skin inflammation, VISTA deficiency exacerbated IMQ-induced psoriasiform inflammation. Mechanistically, enhanced IMQ/TLR7 signaling in Vsir −/− myeloid DCs resulted in the hyper-activation of Erk1/2 and Jnk1/2 and augmented the production of IL-23. IL-23, in turn, promoted the expression of IL-17A in both TCRγδ T cells and CD4 + Th17 cells. Although the molecular mechanisms by which VISTA controls TLR signaling in myeloid cells remain to be elucidated, these results suggest that the ectodomain of VISTA is sufficient to downregulate DC activation following TLR7 stimulation, thus pointing to the role of another surface receptor in mediating the inhibitory signaling of VISTA. In addition to regulating the activation of myeloid cells, our study further demonstrates that VISTA restricts IL-7-mediated peripheral homeostasis of CD27 − TCRγδ T cells, which is pre-committed to producing IL-17. Thus, VISTA deficiency or mAb-mediated blockade promotes the expansion of CD27 − TCRγδ T cells in the periphery and increase the production of IL-17 that amplify the inflammatory responses. 34 In addition to regulating the activation and cytokine production of myeloid cells in response to TLR stimulation, VISTA also regulates other aspects of myeloid cell-mediated innate immunity. One study noted the role of VISTA in regulating the expression of the C5a receptor on neutrophils and bone marrow-derived macrophages and reported that VISTA deficiency or treatment with an immuno-suppressive VISTA mAb (clone 8G8) resulted in attenuated disease in the collagen-II antibody-induced arthritis (CAIA) model. 61 The molecular mechanisms and the relevance of this finding to human arthritis remain to be investigated. Another study by Yoon et al. has revealed a role of DD-1α/VISTA in facilitating the clearance of apoptotic cells by phagocytes via homotypic interactions between VISTA expressed on apoptotic cells and phagocytes. 31 Aged Vsir −/− (reported as DD1α KO) mice have shown an accumulation of anti-dsDNA and anti-nuclear antibodies in the serum, spontaneous glomerulonephritis, and severe inflammatory phenotypes in the skin, eyes, and ears. 31, 34, 52 Although the severity of the inflammatory phenotypes differs between different reports, these studies collectively support the roles of VISTA as a negative regulator of both innate and adaptive immunity during the development of autoimmune and inflammatory diseases.
THE ROLE OF VISTA IN CONTROLLING ANTI-TUMOR IMMUNITY
Multiple studies, both by us and others, support the role of VISTA as a key regulator of anti-tumor immunity. An initial study showed that overexpressing VISTA in MCA105 tumor cells subverted the vaccine-induced T cell-mediated adaptive immunity against tumors. 22 Analyses of Vsir −/− (VISTA KO) mice bearing B16 melanoma demonstrated that, although tumors grew similarly in unmanipulated WT and Vsir −/− hosts, VISTA deficiency endowed greater anti-tumor immunity following vaccination with tumor peptides and TLR agonists as adjuvants, and it potently inhibited tumor growth. 52 In another study of the murine glioma model, it was shown that VISTA deficiency significantly enhanced CD4 + T cell-mediated anti-tumor responses following low-dose radiation therapy, resulting in tumor rejection in Vsir −/− hosts. 54 Consistent with results from the KO mice, treatment with a VISTA-specific blocking mAb (13F3) significantly enhanced both CD4 + and CD8 + T cell-mediated anti-tumor immunity in multiple tumor models (i.e., MB49 bladder tumor, B16 Promote the induction of tumor-specific adaptive CD4 + Foxp3 + Tregs (Cancer, GVHD) TCRgd T cells Inhibit the peripheral homeostasis and cytokine production of IL-17-producing CD27 − TCRgd T subsets (Psoriasis) Myeloid dendritic cells and macrophages Inhibit the production of inflammatory cytokines and chemokines (Cancer, lupus, and psoriasis)
The structure, expression, and multifaceted role of VISTA W Xu et al melanoma, and an inducible melanoma model Tyr CreERT2-Braf LSL-V600E/+ Pten +/+ ). 36, 62 Mechanistically, VISTA-blocking mAb treatment improves anti-tumor immunity by targeting multiple immune cell types. 36 First, VISTA-blocking mAb significantly enhanced the tumor infiltration, proliferation, cytokine production, and cytotoxic effector function of both CD4 + and CD8 + T cells. Second, VISTA-blocking mAb impaired the suppressive function of Foxp3 + CD4 + Tregs and reduced the induction of adaptive Tregs from tumor-specific naïve CD4 + T cells in tumor-bearing hosts. Third, VISTAblocking mAb induced the activation of tumor-associated myeloid DCs by upregulating the expression of CD80 and MHC-II and elevating the production of IL-12 and TNF-α. VISTA mAb also decreased the amount of tumor-infiltrating myeloid-derived suppressor cells (MDSCs). Whether VISTA regulates the suppressive function of tumor-associated MDSCs remains to be investigated. In this regard, a recent study by Green et al. has described the role of VISTA in contributing to MDSC-mediated suppression of B cells in a murine HIV infection model. 63 These studies indicate that VISTA is a critical immunecheckpoint protein that hampers the generation of effective anti-tumor immunity. VISTA blockade not only directly enhances tumor-specific effector T cell activation but also reduces the induction of adaptive Tregs, impairs the suppressive function of Tregs, and potentiates the inflammatory responses mediated by myeloid APCs and TCRγδ T cells. Thus, the in vivo therapeutic outcome of VISTA-targeted therapies may depend upon the complex interplay between multiple innate and adaptive immune cell types (Figure 2 ). The precise contribution of VISTA-regulated inflammatory responses to the development of an effective anti-tumor immunity remains to be further defined.
In the field of cancer immunotherapy, there is significant interest in improving the anti-tumor efficacy of immune checkpoint inhibitors. One hypothesis is that the synergistic activation of T cells could be achieved by targeting distinct immune checkpoint proteins simultaneously. Supporting this, recent clinical studies have shown that combined treatment with CTLA-4 and PD-1 mAb improved the response rate from 10-20% using single agents to~40-60%. 14, 65 To understand the potential redundancy between VISTA and PD-L1/PD-1-mediated T cell regulation, the immunoregulatory roles of VISTA and PD-1 in mice with single or combined gene deletions have been examined and compared. 53 Mice deficient in either VISTA or PD-1 showed comparable loss of peripheral tolerance and T cell activation, but the double-KO mice developed the most severe inflammatory phenotypes, manifested as the highest level of spontaneous activation of peripheral CD4 + and CD8 + T cells, multi-organ immune cell infiltration and tissue damage. The double-KO mice developed EAE disease with over 90% penetrance when bred onto the 2D2 T-cell receptor transgenic mice, which is significantly higher than either the PD-1 or VISTA signal KO mice. At the level of TCR signaling, both VISTA and PD-L1 were found to inhibit the phosphorylation of proximal signaling molecules (LAT, SLP76, PLC-γ1) and the activation of Akt and Erk1/2. Following peptide immunization, antigenspecific CD4 + and CD8 + T cell responses were synergistically enhanced in VISTA/PD-1 double KO mice. Combined treatment of VISTA and PD-1-specific mAbs led to synergistic antitumor T cell responses and optimal tumor-clearing therapeutic efficacy in B16 melanoma and CT26 colon cancer models. Together, these results indicate that VISTA and PD-1 nonredundantly regulate T cell-mediated adaptive immunity. Since the VISTA/PD-1 and VISTA/PD-L1 double-KO mice did not develop lethal autoimmunity, in contrast to the lethality seen in the PD-1/LAG3 double-KO mice and the CTLA-4-deficient mice, 15 ,66,67 we predict that a combinatorial blockade of VISTA with PD-L1 or PD-1 may achieve synergistic efficacy with less severe immune-related adverse effects. In another study of murine squamous carcinoma, Kondo et al. compared the effects of blocking VISTA, PD-1, and CTLA4 and concluded that VISTA blockade is better combined with CTLA4-blocking mAb than with PD-1-blocking mAb. 64 The lack of efficacy of VISTA and PD-1 combination blockade may be due to the difference in antibodies, treatment regimes, or tumor models.
CONCLUSIONS AND FUTURE PERSPECTIVES
VISTA is an immune-checkpoint protein that has distinct expression patterns and controls a broad spectrum of innate and adaptive immune responses. Studies in murine disease models, including cancer, EAE, lupus, and psoriasiform inflammation, have demonstrated the multi-faceted roles of VISTA in regulating the signaling and activation of an array of immune cell types, including myeloid cells, TCRγδ T cells, CD4 + and CD8 + T cells, and Foxp3 + CD4 + Tregs.
The molecular mechanisms by which VISTA regulates diverse immune cell types are not fully understood. In the context of T cell activation, sufficient evidence supports both T cell-extrinsic and intrinsic roles of VISTA. How VISTA acts as both a ligand and a receptor to regulate T cell activation requires further investigation. The emerging role of VISTA in regulating the diverse functions of myeloid cells has just begun to be explored. Multiple studies support the role of VISTA in dampening the production of inflammatory cytokines and controlling myeloid cell-mediated inflammation. Identifying the VISTA-interacting receptor(s) and understanding the mechanisms of VISTA-mediated signaling will help to clarify the role of VISTA in the context of autoimmune and inflammatory diseases.
In the context of cancer immunotherapy, preclinical studies have demonstrated an unambiguous role of VISTA in controlling anti-tumor immunity. MAbs and small molecules targeting human VISTA have been developed and are currently in earlystage clinical trials for cancer treatment (Janssen Inc, NCT02671955; Curis Inc, NCT02812875). While the clinical efficacy data have not been forthcoming, we predict that blocking VISTA will elicit a range of inflammatory responses that may promote or hamper T cell-mediated anti-tumor immunity, depending upon tumor types or inflammatory stimuli present in the host. To better define biomarkers or design combination approaches that improve VISTA-targeted therapies, future studies need to focus on understanding the inflammatory cell types and the induced soluble inflammatory mediators following VISTA-targeted therapies, either alone or in combination with other types of treatment such as radiation, chemotherapy, cancer vaccines, or other immune checkpoint inhibitors.
In addition to cancer, VISTA regulates the development of autoimmune and inflammatory diseases. The multi-faceted roles of VISTA in regulating both innate and adaptive immune responses have placed VISTA as a key regulator of several types of autoimmune inflammatory diseases. It is conceivable that antagonists or agonistic agents modulating VISTA and its interacting partners will greatly benefit the treatment of autoimmune and inflammatory diseases.
